One-dimensional titanium dioxide nanorod (TNR)-supported Cu catalysts (2.5 wt.%-12.5 wt.%) were synthesized using depositionprecipitation. X-ray photoelectron spectroscopy, temperature programmed reduction and CO chemisorption measurements showed that Cu doping over TNR offered metal-support interactions and interfacial active sites that had a profound impact on the catalytic performance. The role of the Cu-TNR interface was investigated by comparing the catalytic activity of Cu-TNR catalysts with that of pure CuO nanoparticles in CO oxidation. The presence of highly dispersed copper species, a high number of interfacial active sites, CO adsorption capacity and surface/lattice oxygen were found to be responsible for the excellent activity of 7.5Cu-TNR (i.e., Cu loading of 7.5 wt.% on TNR). Moreover, the Cu-TNR catalysts followed the Langmuir-Hinshelwood reaction mechanism with 7.5Cu-TNR, exhibiting an apparent activation energy of 44.7 kJ/mol. The TNR-supported Cu catalyst gave the highest interfacial catalytic activity in medium-temperature CO oxidation (120-240 °C) compared to other commonly used supports, including titanium dioxide nanoparticles (TiO 2 -P25), silica (SiO 2 ) and alumina (Al 2 O 3 ) in which copper species were nonhomogeneously dispersed. This study confirms that medium-temperature CO oxidation is highly sensitive to the morphology and structure of the supporting material.
Introduction
Air quality control has become a primary concern in recent years, and the transport industry mainly generates environmentally hazardous gases, including carbon monoxide. The concept of automotive catalytic converters has had a significant impact on pollution reduction. The development of catalysts to effectively treat exhaust gas at lower temperatures has been the focus of research in recent years [1, 2] . Apart from air quality control, CO oxidation is involved in industrial chemical processes, including water gas shift, methanol synthesis, CO hydrogenation and CO oxidation by NO [3, 4] . Metal oxides, including various reducible and nonreducible oxide supports, such as ceria (CeO2), alumina (Al2O3), silica (SiO2), titanium dioxide/titania (TiO2) and zirconia (ZrO2) [1, [5] [6] [7] [8] [9] [10] , and multiple noble metals, including gold (Au), platinum (Pt), palladium (Pd), and silver (Ag), have been reported for CO oxidation [8, [11] [12] [13] [14] . However, the high cost and low abundance of noble metals are limiting factors in their commercial application [6, 9, [15] [16] [17] . Moreover, because of their relative lack of thermal stability, these materials are often prone to sintering during reactions at high temperatures, which leads to the loss of surface area and a decrease in activity or change in selectivity due to disproportionate site types. Supported catalysts are able to disperse and stabilize catalytically active components on a support against sintering effectively.
Among the widely used metal oxides in heterogeneous catalysis, titania is an environmentally friendly support with distinguishing features such as nontoxicity and economic viability [18] . The morphology of the support material is found to play a pivotal role in the catalytic activity. Onedimensional nanostructured supports, such as ceria nanorods, titania nanotubes and carbon nanotubes, are reported to give excellent performance in CO oxidation [5, 6, 18] . In particular, titania nanotubes offer a high specific surface area, ion exchangeability and rapid electron transfer. High-temperature calcination of titania nanotubes results in a change in morphology to nanorods, and thus, the specific surface area is significantly decreased. Despite the change in morphology, the ion exchangeability and electron transfer capability of the titania are still able to influence the interaction between the metal and the support, which in turn influences the catalytic performance. Camposeco et al. [19] synthesized titania nanotubes and nanoribbons with a high specific surface area by a hydrothermal technique and compared the as-synthesized titania nanotubes with titania nanocrystals for use in CO oxidation. The results revealed that the support stability, size, mesoporosity and morphology had a substantial influence on the performance. The layered and scrolled titania nanotubes demonstrated higher catalytic activity than nanorods and nanopowders, which showed insignificant activity at reaction temperatures as high as 250 °C.
The catalytic activity of a supported catalyst is influenced by various factors, such as specific surface area, type of support material, crystalline structure, metal-support interaction/interface, interaction between the probe gas and the catalyst surface, preparation method, number of available active sites, and number of reducible species [20] [21] [22] [23] [24] [25] [26] [27] [28] . Copper, as an active metal, plays a significant role in the carbon monoxide (CO) oxidation reaction owing to its promising features, including high activity in both the oxide and metal-only forms and relatively low cost compared with noble metals [18, 29, 30] . The study of CO oxidation over copper oxide doped on titania nanotubes and titania nanoparticles has revealed that the titania nanotube-supported catalyst induced a strong metal-support interaction, which contributed to enhanced copper oxide dispersion over the support surface. Moreover, titania nanotubes offer a high specific surface area, and these factors significantly influence the catalytic performance of catalysts based on copper oxide deposited on nanotubular supports [18] .
In a recent study by Lykaki et al. [1] , surface defects in ceria-supported copper-based catalysts were explored in CO oxidation reactions. Ceria supports with different morphologies, including nanoparticles, nanocubes and nanorods, were synthesized using a hydrothermal technique. The ceria nanorods exhibited better catalytic performance than nanocubes and nanoparticles owing to the presence of more structural defects and oxygen vacancies on ceria nanorods. Hossain et al. [5] investigated the effect of the support structure on CO oxidation using silica nanospheres and ceria nanorod-supported CuOx catalysts. The reducibility of the support, the metal-support interaction and interfacial species were shown to influence the performance of the catalyst. The reduction treatment and catalytic results showed that copper doped on ceria nanorods, oxidized and reduced at 400 °C, exhibited CO conversions of 92% and 100%, respectively, compared with CO conversions of 68% and 72%, respectively, in the case of copper doped on silica nanospheres. The interactions between CuOx species and the ceria nanorod surface were the main contributors to the excellent catalytic performance. The same group of researchers compared the catalytic activity between a Cu-O-Ce solid solution and CuO doped onto ceria nanorods at various concentrations [31] . The catalysts were analyzed in oxidationreduction cycles to probe the influence of metal-support interactions. Ceria nanorods with surface defects had strong interfacial interactions with CuO species, and the interactions caused formation of oxygen vacancies on the resulting catalyst surface.
Structural sensitivity is an important factor in CO oxidation reactions. It is assumed that CO and oxygen adsorb on the surface vacancy sites of TiO2 rather than on terraces or steps [8, 21] . Titania nanorods offer surface vacancy sites and high aspect ratios [8] . Moreover, the metal-support interface in supported catalysts is found to be the active center for the CO oxidation reaction [23] . However, detailed investigations on the synergy between titania nanorods and copper species, as well as their catalytic implications, have not been reported.
Considering the impact of one-dimensional nanostructured supports in CO oxidation, the current work aims to present the role of titania nanorods prepared using hydrothermal synthesis with various copper loading in CO oxidation. The metal-support interaction, surface reducibility, surface chemisorption and surface energy of the as-synthesized catalysts were investigated to probe the catalytic viability. This work also investigates the catalytic consequences of different metal-support interfaces, as well as possible reaction mechanisms over supported and unsupported catalysts.
Experimental

Catalyst preparation
Titania nanorods were synthesized using hydrothermal synthesis as reported by Kasuga et al. [32] . Five grams of titanium dioxide (TiO2-P25) was dispersed in 100 mL of 10 M NaOH solution, and the slurry was kept under magnetic stirring for half an hour before it was transferred into an autoclave for hydrothermal treatment at 150 °C for 44 h. The solid obtained was washed with 0.1 M HCl and deionized water several times to remove impurities. The solid was filtered and dried at 120 °C for 12 h and finally calcined at 800 °C for 10 h to obtain titania nanorods.
The copper was doped on titania nanorods using deposition precipitation. In a typical procedure, a stoichiometric amount of copper acetate monohydrate was dissolved in 100 mL of deionized water until a clear solution was obtained. The support (titania nanorods, TiO2-P25, silica and alumina) was added into the copper-containing aqueous solution under magnetic stirring. Sodium carbonate (1 M) was added dropwise into the solution until a pH of 9-10 was attained. The slurry was kept under stirring for 20 h before it was centrifuged, decanted and washed three times with deionized water. The washed sample was dried at 120 °C for 12 h and finally calcined at 400 °C for 5 h. The copper content varied between 2.5 wt.% and 12.5 wt.%. The catalysts were designated as xCu-S, where x represents the copper content in wt.% and S represents the support type (i.e., TNR = titania nanorods, TiO2 = TiO2-P25, Al2O3 = alumina, SiO2 = silica).
Catalyst characterization
X-ray diffraction (XRD) measurements were performed using a Philips PW1700 XRD instrument equipped with a Co-Kα radiation source. The scanning range and step used for 2θ were 20-80 and 0.05, respectively. MPI Jade ® software was used to identify and analyze the XRD data. Refinement of the XRD pattern was carried out using the X'Pert Highscore Plus software. The software allows the separation of K1 and K2 peaks during the refinement procedure. The crystallite size was calculated exclusively based on the K1 peak and applying the Scherrer equation, K/(cosθ), where K is the shape factor taken as 0.89,  is the Co Kα1 wavelength (1.78901 Å),  is the full width at half maximum (FWHM in radian) at 2θ, and θ is the Bragg angle.
Temperature-programmed reduction with hydrogen (H2-TPR), temperature-programmed desorption using CO and O2 (CO-TPD and O2-TPD, respectively) and CO chemisorption measurements were performed using the BELCAT II chemisorption equipment. All the samples were pre-treated under helium (He) atmosphere at 150 °C (H2-TPR and CO chemisorption) or 200 °C (CO-/O2-TPD) for 30 min to remove any surface impurities, including hydroxyl or carbon. After cooling to 50 °C, a mixture of 10% of CO in He or 5% of O2 in He was injected at a rate of 30 mL/min for 1 h, followed by injection of He (30 mL/min) as a sweep gas for 30 min to remove any remaining CO or O2 before the measurements. Then, the sample was heated to 500 °C at 1 atm in a temperature-controlled furnace at a constant heating rate of 10 °C/min using 5% of H2 in Ar (30 mL/min) for H2-TPR or pure He (30 mL/min) for CO-and O2-TPD, respectively. In the case of CO chemisorption, 10% of CO in He was injected in pulses until surface saturation was reached. The outlet signal was monitored by a thermal conductivity detector (TCD). The Brunauer-Emmett-Teller (BET) surface area of the samples was measured by the N2 physisorption technique at 77 K by Gemini VI.
The actual amount of copper in the synthesized catalyst samples was determined by inductively coupled plasma mass spectrometry (ICP-MS) (7500cx single-quad, Agilent Technologies) analysis. The samples were digested in aqua regia at 80 °C for 2 d to ensure a complete dissolution of copper and then sonicated and diluted to a fixed volume. For consistency, duplicate samples were analyzed. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were performed using a JEOL 7000F FE-SEM and Philips CM200. X-ray photoelectron spectroscopy (XPS) was performed using a Kratos Axis Ultra DLD instrument with a monochromatic Al Kα X-ray source. Accurate quantification of the Cu 2+ and Cu + peak areas was carried out on the Cu 2p3/2 in accordance with the earlier report [33] , where the Cu 2+ peak area (ACu2+) was calculated from the total peak area of the shake-up satellite peak (Asatellite) using the relationship ACu2+:Asatellite = 1.89. The peak area of Cu + (ACu+) was in turn quantified from ACu+ = ACu2p3/2 -ACu2+. The technique circumvents the statistical uncertainties during the peaks deconvolution process given the close proximity between the Cu 2+ binding energy peak and that of the Cu + .
Catalytic activity
The CO oxidation reaction was carried out at temperatures ranging from 100 to 240 °C in a fixed bed tubular reactor assuming plug flow dynamics. The catalyst was placed in quartz wool, and the temperature of the catalyst bed was monitored using a k-type thermocouple. A total of 30 mg of the tested catalyst was loaded into the reactor. The reaction feed gas (20 mL/min) containing 1% CO and 10% oxygen balanced with argon was flowed over the catalyst bed. To eliminate the effect of external diffusion, the reaction was conducted in differential mode at a high gas hourly space velocity (GHSV) of 40,000 mL/(h·gcat). The products and unconverted reactants were measured by an online gas chromatograph (SRI Instruments) equipped with a flame ionization detector (FID) and a TCD. The CO conversion, rate of reaction and turnover number (TON) were calculated using the following equations
where FCO is the molar flow of CO (mol/s), XCO is the conversion of CO, nCu is the number of moles of copper in the catalyst, and rCO is the rate of reaction in molCO/(s·molCu). The TON is the number of moles of CO2 produced (nCO 2 ) per mole of copper in the catalyst. Figure 1 shows the TEM and SEM images of the TNRs, indicating that the length and diameter range from 100 nm to a few microns and 100-400 nm, respectively. The TNRs have a small surface area of approximately 15 m 2 /g due to the postsynthesis treatment at high temperature (800 °C). Acid washing plays a crucial role in controlling the amount of sodium, which influences the bending of titanate layers. During the washing step, the imbalance between hydrogen (H + ) and sodium (Na + ) ions on both sides of the layered titanate structure causes excess surface energy and promotes the bending of layers into a nanotubular structure [34] . Moreover, the mobilization of sodium ions during calcination at higher temperature (800 °C) causes the nanotubular structure to grow into nanorods. It can be inferred that the presence of sodium has a profound impact on the stability and morphology of the nanotubular structure formed. These observations are in agreement with previous reports that sodium plays a role in the formation of nanorods from nanotubular structures, while the absence of sodium causes nanotubular structures to break down into nanoparticles [35, 36] . Different loadings of Cu, ranging from 2.5 wt.% to 12.5 wt.%, were deposited on the TNRs via deposition-precipitation. The XRD patterns in Fig. 2(a) show that the Cu-loaded TNRs have similar crystalline structures with a mixture of rutile and anatase phases. It is worth noting that the main peaks associated with bulk copper oxides (2θ = 41.5° and 45.5°) are only visible as broad peaks in the Cu-TNR, inferring that the CuO exists as fine nanoparticles using the current synthesis method [37] [38] [39] . By further refinement of the spectra at the relevant region ( Fig. 2(b) ), the Scherrer-determined size of the CuO was found to be 7, 9 and 12 nm for 5Cu-, 7.5Cu-and 10Cu-TNR, respectively. Higher Cu loading induces more coalescence during the preparation, and as such led to a systematic increase in the CuO size. Cu2O was not detected by the XRD, suggesting that they are either absent or exists as very finely dispersed species below 2 nm, which is the typical detection limit of the XRD.
Results and discussion
Characterization of TiO2 nanorod (TNR) and Cu-TNR catalysts
The specific surface areas of Cu-TNR catalysts are also presented in Table 1 . The specific surface areas and monolayer capacities decrease as the copper content increases, and the 7.5Cu-TNR catalyst shows a specific surface area of 14.8 m 2 /g and a monolayer capacity of 3.4 cm 3 /g. The decrease in both specific surface areas and monolayer capacities with respect to copper contents concur with the increased coalescence of CuO that led to larger particle sizes at higher copper contents. 
Surface adsorption properties of Cu-TNR
Temperature-programmed desorption using CO (CO-TPD) and O2 (O2-TPD) as probe molecules was carried out to study the adsorbate-adsorbent interactions on the Cu-TNRs. The CO-TPD profiles ( Fig. 3 ) indicate that all the tested catalysts exhibit two distinct characteristic desorption peaks and, hence, two types of CO adsorption sites: the first in the temperature range of 60 to 200 °C (weaker CO adsorption sites) and the second in the range from 215 to 450 °C (stronger CO adsorption sites). The TNRs (without Cu metal) show adsorption peaks in the low temperature range (60-150 °C) and at approximately 390 °C, indicating that there are active sites available for CO adsorption on the bare support surface. A comparison between the bare support and copper-doped catalyst shows that copper deposition influences the CO adsorption capacity and that the desorption temperatures are distinctive. The CO desorption curves in Fig. 3 show that the desorption peak temperature increased slightly from 100 to 105 °C and from 100 to 120 °C in the 5Cu-TNR and 10Cu-TNR catalysts, respectively, but decreased from 100 to 95 °C in the 2.5Cu-TNR and 7.5Cu-TNR catalyst compared with that of the TNR support. Moreover, Table S1 in the Electronic Supplementary Material (ESM) gives the quantitative results of CO-TPD. The area under the CO-TPD curve represents the surface coverage, which is a measure of the number of adsorption active sites. The amount of CO adsorbed increased with increasing copper content and reached a maximum adsorption of 0.231 mmol/g over 7.5Cu-TNR. Hence, a Cu loading of 7.5 wt.% gave an optimum value, above which increasing the amount of Cu on the TNRs does not increase the number of CO adsorption sites. This may indicate that the Cu deposition and dispersion on the TNR surface change from a monolayer to a multilayer arrangement, as evidenced by the surface areas and monolayer capacities ( Table 1 ). In addition, the desorption peaks in the high-temperature range shift from 340 to 300 °C as the Cu loading increases from 7.5 wt.% to 10 wt.%. The CO adsorption strength on the strong adsorption sites decreases with increasing copper content on the Cu-TNR surface. The associated catalytic consequences of the metalsupport interaction resulting from different arrangements of Cu on TNRs (i.e., monolayer vs. multilayers) will be discussed in section 3.5. CO chemisorption was conducted to estimate the CO uptake on Cu-TNR (Table 1) . CO chemisorption results indicate that CO uptakes of 0.74, 0.86, 1.04 and 0.61 cm 3 /g were found for the 2.5Cu-, 5Cu-, 7.5Cu-and 10Cu-TNR catalysts, respectively, showing the highest CO uptake for 7.5Cu-TNR. The metal particles tend to agglomerate at higher metal loadings, and therefore, a further increase in copper content to 10 wt.% showed a decrease in CO uptake. These findings are consistent with previously reported results [40] . The metal contents measured using ICP-MS are given in Table S1 in the ESM.
The oxygen desorption profiles of the copper-doped catalysts (Fig. 4) indicate that the Cu-TNR surface has active sites available for oxygen adsorption in addition to CO adsorption. The bare support shows only one distinct characteristic desorption peak in the temperature range between 60 and 160 °C (zone Z1), which can be assigned to weakly adsorbed oxygen species [41] . This single peak in Z1, however, evolves into two peaks when Cu was deposited on the TNR support, indicating the possible formation of different kinds of oxygen species on the copperdoped catalysts. More importantly, the result indicates that additional vacant sites on both the Cu metal and interface are available for O2 adsorption and that they adsorb O2 more strongly than the bare support. Additional peaks in Z2, Z3 and Z4 can be observed at approximately 200, 360, and 430 °C, respectively, and they are dependent on the Cu content. For instance, the three peaks associated with 2.5Cu-TNR in Z2, Z3 and Z4 at 200, 360, and 430 °C, respectively, shift to lower temperatures (approximately at 185, 285 and 395 °C) when the copper content is increased to 7.5 wt.% (i.e., 7.5Cu-TNR). The peak in Z2 can be ascribed to the O2species resulting from the O2 chemically adsorbed on the surface, whereas the peaks in Z3-Z5 can be attributed to the desorption of the lattice oxygen O 2species formed on the surface of the catalyst [42] .
Also, a new peak is observed at approximately 480 °C in Z5. An increase in Cu loading from 7.5 wt.% to 10 wt.% (i.e., 10Cu-TNR) shows further shifting of the peak temperatures in Z2, Z3, and Z4 (at approximately 260, 340, and 420 °C), while the characteristic peak in Z5 shifts to 490 °C. These results provide evidence that the Cu content in TNRs affects not only the adsorption capacity of O2 but also the strength and affinity of the adsorption sites to O2. The latter can be critical in CO oxidation, which involves dissociative adsorption of O2 as an elementary step. According to the O2-TPD results, the 7.5Cu-TNR catalyst showed more prominent O2 adsorption capacity and desorption at lower temperatures than the 2.5Cu-and 10Cu-TNR catalysts, as shown in Fig. 4 . These low-temperature-desorption peaks can be assigned to the oxygen species weakly bonded to the catalyst surface [43] , which are the source of oxygen atoms for the oxidation reaction [42] . The results presented in Table S1 and Fig. S1 in the ESM show that the amounts of O2 and CO adsorbed on the Cu-TNR are dependent on the Cu loading and have the same trend in which the 7.5Cu-TNR catalyst gives the highest overall adsorption capacity.
Probing the surface reducibility and the metalsupport interactions in Cu-TNRs
Metal-support interactions, which determine the interfacial catalytic properties, are intrinsically related to the surface reducibility and were studied by using H2-TPR in this work. As evident from Fig. 5 , low temperature reduction shoulder peaks with onset at ~ 150 °C are unique only to the Cu-TNR catalysts and are absent from the bulk CuO. These low temperature peaks were ascribed to the reduction of highly dispersed surface Cu similar to the mono-and multilayer species on TNR that are otherwise invisible to the XRD [23, 44] . This is followed by the two larger reduction peaks that correspond to the two-step reduction of CuO to Cu2O and further to Cu 0 [45] , which in this case can be ascribed to the reduction of the CuO nanoparticles. It is interesting to note the general shift of the reduction to higher temperature from the smaller CuO (7 nm for 5Cu-TNR) to the larger size (12 nm for 10Cu-TNR) and that to the bulk CuO. This is reflective of the type and strength of interaction of the CuO as a function of particle size as well as with or without the TNR support [46] [47] [48] .
XPS spectroscopy was used to assess the oxidation state and the electronic state of copper and titania in the catalyst based on their binding energies. Cu 2p and Ti 2p XPS spectra are shown in Figs. 6(a) and 6(b), respectively. Deconvolution of the Cu 2p3/2 peak at the binding energy range of 931 to 936 eV reveals the presence of the Cu 2+ (934.8 eV) and Cu + (933.0 eV) [49] . Because of the close proximity of the two peaks, direct quantification of the deconvoluted peaks is subjected to large uncertainties. Here, we adopt a more accurate approach of quantifying the shake-up satellite peaks at 940-946 eV that is unique to Cu 2+ [33] . By taking the calibrated ratio of ACu2+:Asatellite = 1.89 based on the CuO standard [33] (reconfirmed with the bulk CuO sample in this study) and recalculating the amount of Cu 2+ in the Cu 2p3/2 peak, the Cu 2+ content was found to be 67%, 90%, 90%, 97% and 97% for 2.5Cu-, 5Cu-, 7.5Cu-, 10Cu-, and 12.5Cu-TNR, respectively, the remaining being Cu + . The fact that no Cu2O was detectable by XRD, the results suggest that the Cu + (in coexistence with Cu 2+ ) must exist solely as part of the highly dispersed surface species. Nevertheless, the amount of Cu + species is rather minimal especially at high Cu loadings.
Two main peaks near 459 and 465 eV were attributed to Ti 2p3/2 and Ti 2p1/2, respectively ( Fig. 6(b) ). These results are in agreement with the previously reported results in which titania peaks were found at approximately 459 and 465 eV [38, 50] . The characteristic peaks were assigned to Ti 4+ in the titania nanorods. Figure S2 in the ESM shows the XPS O1s spectra of the copper-doped TNR-supported catalysts. All the catalysts showed one distinct peak at approximately 530 eV and a small shoulder at approximately 535 eV. The first peak is an indication of the lattice oxygen in Ti-O bonds, while the small shoulder results from the weakly bonded (physisorbed) oxygen species [51] [52] [53] . These results corroborate the finding of the O2-TPD study (Fig. 4 ) that there are different oxygen species present in the Cu-TNR. In addition, the XPS results in conjunction with H2-TPR and XRD, confirm the presence of highly dispersed Cu species and CuO nanoparticles (the latter increase in size with increasing Cu loadings due to weaker surface interactions).
CO oxidation by Cu-TNRs
The catalytic properties of Cu-TNRs with different Cu loadings and metal-support interfaces were investigated in CO oxidation over a temperature range of 100-250 °C under atmospheric pressure (Fig. 7) . The activity profiles demonstrate the catalytic performance of unsupported and supported copper-based catalysts. CO conversion versus temperature results indicate that an increase in copper content from 2.5 wt.% to 12.5 wt.% resulted in an increase in CO conversion (except an optimum with 7.5 wt.% of Cu loading). For instance, at 218 °C, CO conversions of 60%, 70%, 79%, 57%, and 39% were observed for 2.5Cu-, 5Cu-, 7.5Cu-, 10Cu-, and 12.5Cu-TNR, respectively. The activity results are compared with the reported literature in Table S2 in the ESM. The 2.5Cu-TNR catalyst gives a rate of CO2 production per unit surface area (85.3 μmolCO/s. molCu) approximately eight times higher than those of the other supported Cu catalysts that involve cocatalysts or promoters, such as 5CuO-5Ce-95Ti-500 [20] , Cu0.08Mn0.02Zr0.1Ce0.8O2 [54] and Cu70Ti30/M-diatomite-400 [55] at 200 °C ( Table S2 in the ESM).
The pure unsupported copper oxide (prepared by coprecipitating the copper precursor) and bare TNR were used as control experiments in the tested temperature range, i.e., 100-250 °C. There was no activity observed from the pure copper oxide and the bare TNR support, suggesting the importance of the metal-support interaction and the presence of active interfacial species for catalytic enhancement. To further confirm the role of interface during the reaction, 7.5 wt.% CuO was physically mixed with TNRs (referred as 7.5Cu-TNR-PM) and tested for CO oxidation under the previously described reaction conditions. Interestingly, no CO conversion (shown as sample 1 in conjunction with bare support in Fig. 7) was found for the physical mixture, which validated the hypothesis that the interfacial active sites are mainly responsible for the catalytic activity.
Since no activity was observed on the bare support, it is interpreted that the amount of CO adsorbed on the support surface played no role during the reaction, i.e., CO desorbed without interacting with the oxygen in air, and hence no CO2 was produced. This means that the surface sites associated with the low-temperature CO adsorption peak, observed in all copper-doped catalysts (as shown in Fig. 3 ), are catalytically inactive at temperatures below 145 °C. However, the interfacial active sites resulting from the metal-support interface catalyze CO oxidation significantly once an onset temperature of 145 °C is reached (Fig. 7) . In an oxygen-rich reaction environment, it is clear that the surface-chemisorbed CO produces CO2 at a temperature below the higher-temperature desorption peak (i.e., 300 °C), as depicted in the previous CO-TPD results. It can be inferred that copper interactions with the titania nanorods offer an interface that converts the chemisorbed CO into CO2, which was desorbed as CO in a nonoxidizing environment. This finding was further confirmed by the same reaction conditions with CO only (not shown here), and no CO2 formation was observed over all catalysts. Similarly, the results of O2-TPD, as shown in Fig. 4 , demonstrated that copper interactions with TNR strongly affected the oxygen adsorption capacity and thus the catalytic activity. The quantitative results in Table S1 in the ESM indicate that both the O2-TPD and CO-TPD results follow the same trend. The oxygen adsorption capacity was also confirmed using XPS, and the results of the O1s analysis ( Fig. S2 in the ESM) are in agreement with those of O2-TPD ( Fig. 4) .
Since the amount of CO chemisorption is a measure of the interfacial active sites [56] [57] [58] , the negligible amount of chemisorbed CO on the bare support (not shown here) indicates that the TNR support alone is catalytically inert to CO oxidation under the tested conditions (consistent with Fig. 7) . The CO chemisorption results (Table 1 ) indicate a strong positive dependency of the amount of chemisorbed CO on the metal content and that the maximum amount of chemisorbed CO was observed in the 7.5Cu-TNR catalyst. The interfacial active sites also facilitate O2 activation, which in turn enhances catalytic activity [58] .
The surface and bulk Cu species and the extent of copper interaction with the support significantly influence the CO conversion activity. The H2-TPR results of the 5, 7.5 and 10Cu-TNR catalysts (as shown in Fig. 5 ) indicate the presence of both highly dispersed and CuO nanoparticle species, but the number of copper species present in the bulk varied significantly among for all catalysts. The degree of reduction (defined as the ratio of hydrogen consumed in TPR to the theoretical amount of hydrogen required to completely reduce the catalyst) for all the catalysts is less than 100%. The copper species can be assumed to interact with the support in two ways, as shown in Fig. 8(a) well-dispersed copper species weakly interacting with the support, forming mono-and multilayer on the support surface; and (b) bulk copper species forming larger copper particles and strongly interacting with the support [59] [60] [61] [62] [63] . At low loadings of up to 7.5 wt.%, the copper species are mainly present in the form of highly dispersed Cu on the surface with small fraction of fine CuO nanoparticles, while at higher metal loadings, the copper species tend to sinter to form large nanoparticles on the surface. The extent of the metal-support interaction, surface and binding energies and transfer of electrons between the copper and titania nanorods collectively form an interface exhibiting relatively high catalytic activity for the 7.5Cu-TNR catalyst. This interpretation is supported by the H2-TPR results. It can be concluded that the extent of metal-support interactions favoring a greater amount of welldispersed Cu 2+ species layers on the interface is one of the main contributors to the excellent performance of the 7.5Cu-TNR catalyst, as shown in Fig. 7 .
The Arrhenius plots (Fig. S3 in the ESM) indicate that the 7.5Cu-TNR catalyst has the lowest activation energy (44.7 kJ/mol) for CO oxidation compared to other Cu-TNRs. In comparison, the unsupported copper nanoparticles have an activation energy of 74.1 kJ/mol, indicating that the doping of copper over titania nanorods reduces the energy barrier. The elementary steps, especially the adsorption of reactants over the catalyst surface, define the reaction mechanism and, more importantly, the rate-determining step. It is generally considered that copper oxides follow the Mars-Van Krevelen (MVK) redox mechanism [60] , in which CO reacts with surface lattice oxygen to produce CO2, leaving behind an oxygen vacancy on the copper oxide surface. The oxygen in the gas fills out the vacancy, and this is a spontaneous reaction. The release of lattice oxygen from the copper oxide surface is the rate-determining step that provides the required oxygen for the product. The following reactions are considered [60] 
where OSL represents surface lattice oxygen and * is surface oxygen vacancy on the metal oxide surface. Metal doping on the support changes surface terrace, and thus, reactants over the new surface or metal-support interface exhibit diverse performance. Generally, for supported copper catalysts, the Langmuir-Hinshelwood (LH) mechanism is accepted, in which CO chemisorbs on the active metal site or metalsupport interface, oxygen adsorbs on the support and the adsorbed gases react to desorb CO2 as the product as described in the following proposed reactions [61] CO S CO S +  - In Cu-TNR catalysts, the interfacial active sites are given by the intimate contact of copper and titania nanorods, which offers adequate strength for CO and O2 adsorption (in which a dissociative adsorption of O2 occurs) to form CO2. The H2-TPR and XPS results show that Cu 2+ interacted with the titania nanorods and that the extent of the reaction varied over the range of metal contents. Consequently, it is suggested that the LH mechanism is predominant in the Cu-TNR catalysts.
The long-term stability of the best performing catalyst (7.5Cu-TNR) was evaluated at 200 °C. Figure 9 shows that the catalyst exhibited a stable CO conversion over 48 h time-onstream. This result indicates that the catalyst has potential to be used as an efficient and highly stable catalyst for medium temperature CO oxidation. The used catalysts were also characterized by XRD ( Fig. S4 in the ESM) after the reaction to identify any possible change in the crystalline structure. Apart from the typical anatase, rutile and titanate diffraction peaks as found in as-synthesized catalysts, an additional peak appeared at approximately 2θ of 35.5° can be assigned to CuO, which is associated with the sintering of copper oxide nanoparticles during the reaction. Nevertheless, the long-term activity observed for the 7.5Cu-TNR catalyst (Fig. 9 ) suggests that the catalyst remained catalytically active overall despite of minor sintering.
Effect of different oxide supports
The oxide support plays a pivotal role in controlling the interaction between metal and support, which in turn influences the catalytic performance. Therefore, various supports were investigated to exploit their role during CO oxidation. The optimal metal content, i.e., 7.5 wt.%, based on the catalytic performance over titania nanorods was selected for copper-based catalyst synthesis over TiO2-P25, Al2O3 and SiO2 support using deposition precipitation. The catalytic activities at 200 °C presented diverse performance over various supports in terms of the rate of CO converted per unit copper oxide surface area per unit time ( Fig. 10 ). While the silica-based catalyst exhibited no activity at all tested reaction temperatures, 7.5 wt.% Cu supported on alumina and TiO2-P25 gave a relatively low activity compared to the TNR-based catalyst. For instance, the 7.5Cu-TNR catalyst gave a CO conversion rate of 2.41 (μmolCO/(s·m 2 ·molCu)) which is approximately twofold that of 7.5Cu-TiO2 (1.28 μmolCO/s·molCu).
The interaction between CO and the surface, characterized by the measurement of active sites via CO-TPD ( Fig. S5 in the ESM), elucidates how copper interactions with various oxide supports influence the CO active sites. The alumina-supported copper catalyst showed two peaks: the first peak in the temperature range of 60-210 °C and the second peak (apparently incomplete) from 250 to 460 °C. More CO was adsorbed over the alumina-supported catalyst, but the peak maxima were shifted to higher temperatures. A similar trend was observed over the TiO2-P25-supported catalyst, of which the first broad peak starts at 60 and ends at 250 °C, while a shoulder was observed at approximately 285 °C. Clearly, more CO was adsorbed over alumina-and TiO2-P25-supported catalysts, but to evaluate the number of active sites among all various supported catalysts, CO chemisorption was conducted, and the results in Table S3 in the ESM imply that the catalyst supported on TiO2-P25 possessed more sites for CO adsorption. The catalytic activity results (in terms of CO converted per unit surface area) show that the copper-doped catalysts supported on TNRs converted more CO per unit surface area than did the other supported catalysts. This performance can be ascribed to the presence of different types of interfaces and/or metal-support interactions among the various supported catalysts. The metal-support interactions were investigated using H2-TPR, and the results in Fig. 11 clearly show that the extent of interaction varied for all supported catalysts. Since the 7.5Cu-TNR catalyst has more reducible species than other catalysts, the TPR peak shifted to a lower temperature for the 7.5Cu-TiO2 catalyst, exhibiting weaker interactions than other catalysts. The lower degree of reduction over the 7.5Cu-Al2O3 catalyst showed a strong metal-support interaction and the presence of Cu 2+ species is mainly in the bulk, i.e., not available for hydrogen consumption. The nature of the interfacial interactions between the metal and the support depicts the catalytic activity of the TNR-supported catalysts. The apparent activation energies derived from the kinetic data for various Cu-doped catalysts (Fig. S6 in the ESM) show an order of 7.5Cu-TiO2 (19.1 kJ/mol) < 7.5Cu-TNR (44.7 kJ/mol) < 7.5Cu-Al2O3 (48.2 kJ/mol), indicating that the nature of the interfacial active site over each supported catalyst could be different. It is worth to note that although 7.5Cu-TNR (44.7 kJ/mol) and 7.5Cu-Al (48.2 kJ/mol) have comparable apparent activation energy, it does not necessarily mean that they have similar active sites. One example is the similar activation energies given by 5.9 nm Pt/Co3O4 and 5.9 nm Pt/CoO catalysts (22.2 kJ/mol and 23.3 kJ/mol, respectively) in CO oxidation reaction [64] . The reported active sites of 5.9 nm Pt/Co3O4 and 5.9 nm Pt/ CoO catalysts have been confirmed to be different. Moreover, although Al2O3 is weak at adsorbing O2 compared with other catalyst support, such as TiO2, the LH mechanism is still deemed to be valid (with weak adsorption of O2) and is best to describe the results for the Cu-Al catalyst as reported in Refs. [65, 66] . Under the tested conditions, CO and O2 are competitively adsorbed over the Cu active sites and the role of the support is relatively insignificant in the reaction mechanism. The results of the reduction profiles, the catalytic activity and the activation energy highlighted that a suitable metal-support interaction generates interfacial sites that play a major role in controlling the activity of the resulting catalyst.
Conclusions
The catalytic consequences of the interface between copper and TNRs, the degree of copper dispersion, the CO adsorption capacity and the surface/lattice oxygen sites were studied. The H2-TPR confirmed the intimate interaction between copper and TNR and thus the formation of copper-TNR interfacial active sites, as evidenced by CO chemisorption. The catalytic performance and rate of the reaction indicated that a Cu loading of 7.5 wt.% on TNRs (7.5Cu-TNR) resulted in an optimum metal-support interaction, leading to interfacial active sites that are most favorable for medium-temperature CO oxidation. The reaction was found to follow the Langmuir-Hinshelwood mechanism, and a low activation energy of 44.7 kJ/mol was calculated for the 7.5Cu-TNR catalyst. The effect of various support oxides, such as titania nanoparticles (TiO2-P25), alumina and silica, showed the improved performance of 7.5Cu-TNR based on the number of moles of CO2 produced per mole of copper per unit surface area. The results showed that the nature of the interface resulting from copper interaction with each support played a pivotal role in the final catalytic performance. As such, this study provides insight into advanced catalyst design that relies on the catalyst support structure and morphology, particularly for improved CO oxidation.
